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Abstract 
Our knowledge of earthquake ground motions of engineering significance var-
ies geographically. The prediction of earthquake shaking in parts of the globe with 
high seismicity and a long history of observations from dense strong-motion net-
works, such as coastal California, much of Japan and central Italy, should be asso-
ciated with lower uncertainty than ground-motion models for use in much of the 
rest of the world, where moderate and large earthquakes occur infrequently and 
monitoring networks are sparse or only recently installed. This variation in uncer-
tainty, however, is not often captured in the models currently used for seismic 
hazard assessments, particularly for national or continental-scale studies.  
In this theme lecture, firstly I review recent proposals for developing ground-
motion logic trees and then I develop and test a new approach for application in 
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Europe. The proposed procedure is based on the backbone approach with scale 
factors that are derived to account for potential differences between regions. 
Weights are proposed for each of the logic-tree branches to model large epistemic 
uncertainty in the absence of local data. When local data is available these weights 
are updated so that the epistemic uncertainty captured by the logic tree reduces. I 
argue that this approach is more defensible than a logic tree populated by previ-
ously published ground-motion models. It should lead to more stable and robust 
seismic hazard assessments that capture our doubt over future earthquake shaking. 
Introduction 
Capturing epistemic uncertainty within probabilistic seismic hazard assess-
ments (PSHAs) has become a topic of increasing interest over the past couple of 
decades, especially since the publication of the SSHAC approach (Budnitz et al., 
1997). Put simply this means that the seismic hazard model, comprising a charac-
terisation of the seismic sources (locations, magnitude-frequency relations, maxi-
mum magnitudes) and the ground-motion model (median ground motion for a 
given magnitude and distance and its aleatory variability, characterising the prob-
ability distribution around this median), need to capture our knowledge and also 
our doubt about earthquakes and their associated shaking in the region of interest. 
Epistemic uncertainty is generally quantified by constructing a logic tree with 
weighted branches modelling our degrees of belief in different inputs (Kulkarni et 
al., 1984), e.g.: what is the largest earthquake that could occur along a fault (max-
LPXPPDJQLWXGH")RUWKLVDUWLFOH,DPXVLQJWKHWHUPV³DOHDWRU\YDULDELOLW\´DQG
³HSLVWHPLF XQFHUWDLQW\´ LQ WKH ZD\ WKH\ DUH FRPPRQO\ XVHG LQ WKH HQJLQHHULQJ
seismology community, i.e. aleatory variability is accounted for in the hazard in-
tegral whereas epistemic uncertainty is capture within a logic tree. Stafford (2015) 
proposes a different framework and terminology. Because a given structure may 
only need to withstand a single potentially-damaging earthquake during its life-
time, Atkinson (2011) proposes that all between-event uncertainties (i.e. including 
some of those currently modelled as aleatory variability) should be considered ep-
3 
istemic. This viewpoint is not considered in the following as it is not (yet) stand-
ard practice.  
The comparisons of the uncertainties captured in various recent PSHAs shown 
by Douglas et al. (2014) suggest potential inconsistencies in some of the logic 
trees. Douglas et al. (2014) report, for various studies and locations, a measure of 
the width of the fractiles/percentiles of the seismic hazard curves equal to 
100[log(y84)-log(y16)] where y84 and y16 are the 84
th and 16th percentiles of peak 
ground acceleration (PGA) or response spectral acceleration (SA) for a natural pe-
riod of 1s. This measure indicates how much uncertainty there is in the assessed 
hazard. Douglas et al. (2014) argue that this measure should vary geographically 
with the level of knowledge of engineering-significant ground motions, specifical-
ly areas with limited data (generally stable regions) showing high values (large 
uncertainty) and areas with considerable data showing lower uncertainties. This 
behaviour was generally seen in Europe [e.g. within the European Seismic Hazard 
Model (ESHM, Woessner et al., 2015)] but not in all studies or for all locations. 
Comparing the ESHM with site-specific studies for the same locations suggests 
that the overall uncertainty modelled in the ESHM is too low or alternatively the 
fractiles of the site-specific studies too wide. The key driver of the modelled un-
certainty in PSHAs is often the ground-motion logic tree (e.g. Toro, 2006) and 
hence this is the first place to start when seeking a method to construct PSHAs 
that reflect the underlying level of knowledge. 
The next section of this article assesses the level of uncertainty captured within 
some typical ground-motion logic trees. The following section discusses the vari-
ous approaches applied in the past decade to construct ground-motion logic trees. 
The main focus of this article is to propose a new approach, which is presented in 
the subsequent section and then applied in the penultimate section for three Euro-
pean countries. The article ends with some conclusions. 
Uncertainties captured in logic trees 
Toro (2006) presents approximate results to quantify the impact of epistemic 
uncertainty in the median ground motion on the mean hazard curve. He states that 
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the ratio, R, of the mean to median ground motion (e.g. PGA) for a given annual 
frequency of exceedance roughly equals: 
R=ሺ⁡?Ǥ⁡?݇ߪఓଶሻ,  (1) 
where k is the slope of the hazard curve in log-log space and ıȝ is the lognormal 
epistemic uncertainty in the median ground motion (in terms of natural loga-
rithms1). He notes that this increase in ground motion is the same as would be 
FDXVHGE\DQLQFUHDVHLQWKHDOHDWRU\YDULDELOLW\IURPı0 WRı1, where ı12=ı02+ ıȝ2. 
The slope of the hazard curve, k, is generally is between 1 (generally, areas of 
low seismicity) and 4 (generally, areas of high seismicity) but k depends on the 
range of annual frequencies of exceedance considered (e.g. Weatherill et al., 2013; 
H. Bungum, written communication, 2017). 'RXJODVEUHSRUWVYDOXHVRIıȝ 
between 0.23 (for well-studied areas such as western North America) and 0.69 (for 
the largest subduction events) from comparisons of median PGAs from many pub-
lished ground motion prediction equations (GMPEs) for a few scenarios. Toro 
(2006) reports similar values from logic trees used in various US site-specific 
studies. Using Equation (1) leads to the percentage increases in the median hazard 
given in Table 1. These calculations show that the effect of large epistemic uncer-
tainties in the ground-motion model can be dramatic, e.g. more than doubling of 
the median ground motion LQFUHDVHIRUıȝ=0.69 and k=3 and the effect is 
highly sensitive to the exact level of uncertainty modelled. Consequently there is a 
need for a rigorous method to assess what uncertainty should be captured. 
  
                                                          
1 Natural logarithms are used throughout for clarity. 
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Table 1: Percentage increase when going from median to mean ground motion due 
to epistemic uncertainty in the ground-motion model of ıȝ for hazard curves with a 
slope k. 
  k 
 Ln Log10 1 2 3 4 
 0.23 0.1 3 5 8 11 
ıȝ 0.46 0.2 11 24 37 53 
 0.69 0.3 27 61 105 160 
 0.92 0.4 53 134 257 446 
 
Rearranging Equation (1) and assuming that the epistemic uncertainty in the 
hazard results is entirely due to the ground-PRWLRQORJLFWUHHDOORZVıȝ to be esti-
mated for published PSHAs. Table 2 UHSRUWVWKHıȝ obtained by this approach for a 
representative selection of the PSHAs considered by Douglas et al. (2014). The k 
value for each site and PSHA is estimated from the slope of the hazard curve 
computed using the ground-motion amplitudes for annual frequency of exceed-
ance of 1/475 and 1/2475. This table suggests that the epistemic uncertainty cap-
tured in the ground-motion logic tree of regional PSHAs such as ESHM are too 
low, particularly for stable areas, as they are far below those captured in site-
specific studies (e.g. Toro, 2006) and those reported by Douglas (2010b) based 
simply on comparing predictions from GMPEs for some scenarios. 
A quick check that could be performed when developing ground-motion logic 
WUHHVIRUUHJLRQDODSSOLFDWLRQVLVWRFRPSXWHWKHıȝ for a few key scenarios (see be-
low for guidance from disaggregation on what earthquakes are likely to dominate 
the hazard) and compare it to the values reported in Table 2 for site-specific stud-
ies. Values much lower than these values would need to be carefully justified. Al-
VRWKHıȝ for ground-motion logic trees for application in active areas should gen-
HUDOO\EHORZHUWKDQWKHıȝ for stable areas, because of the lack of ground-motion 
data of engineering significance from such areas to constrain the GMPEs. 
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Table 2. Estimated epistemic uncertainty in the ground-motion logic tree for some representative 
sites and PSHAs (for 475 year return period and PGA, except for Thyspunt where the spectral 
acceleration at 0.01s is used). See Douglas et al. (2014) for details of studies. Site-specific stud-
ies are in bold. Only rock sites are considered. 
Site Reference k ıȝ (ln) 
Edinburgh, UK ESHM (Woessner et al., 2013) 1.68 0.23 
Berlin, Germany ESHM (Woessner et al., 2013) 1.55 0.34 
Istanbul, Turkey ESHM (Woessner et al., 2013) 2.51 0.13 
Mühleberg, Switzerland ESHM (Woessner et al., 2013) 2.09 0.18 
³ PEGASOS (Nagra, 2014) 2.15 0.41 
Bruce, Canada AMEC Geomatrix Inc. (2011) 1.94 0.49 
Thyspunt Bommer et al. (2015) 1.19 0.51 
Yucca Mountain CRWMS M&O (Stepp et al., 2011) 1.80 0.45 
     
As stated by USNRC (2012), the aim of any PSHA should be to capture the 
³centre, body and range of technical defensible interpretations´ even if the PSHA 
is regional and not site-specific and even if it is being conducted at a low SSHAC 
level (1 or 2). The results of PSHAs should also be stable with time, i.e. if a new 
PSHA was conducted for the sample location in the future the results of the new 
study should not be greatly different to the original results. This requirement 
means that sufficient uncertainty has to be modelled so that the fractiles of the as-
sessed hazard from the original and subsequent PSHAs broadly overlap.   
Bommer and Scherbaum (2008) note that the different models on the branches 
of logic trees should be mutually exclusive and collectively exhaustive (MECE) so 
that the branch weights can be considered as probabilities, an implicit assumption 
when computing mean hazard curves and those for different fractiles. This means 
that one of the models (although we do not know which) is the true model and that 
all the models are independent. This criterion is likely not to hold for logic trees 
developed using GMPEs derived from overlapping datasets. 
This study discusses how to populate logic trees for the ground-motion compo-
nent of the seismic hazard model to capture epistemic uncertainty within national 
or continental-scale seismic hazard assessments, where our knowledge of ground 
motions in moderate and large earthquakes varies. The focus is not on site-specific 
studies (e.g. those conducted for critical infrastructure), which have different chal-
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lenges (e.g. higher regulatory scrutiny) and opportunities (e.g. much smaller geo-
graphical range and more resources per km2 covered). The approach proposed in 
this article may, however, be of interest for these studies, particularly in regions 
with limited data. The focus of this study is on models for the prediction of the 
median ground motions rather than the, equally important, models for the aleatory 
variability (sigma). 
Current state of practice 
There are three principal ways in which geographically-varying logic trees 
could be constructed, if the approach of Savy et al. (2002) using point-based esti-
mates from expert judgement for various magnitude-distance-period scenarios is 
excluded as being too cumbersome for regional-scale PSHA. These are summa-
rised in this section, focussing on the relatively new approach of backbone mod-
els. Goulet et al. (2017, Chapter 2) provide a recent comprehensive review of the 
development of ground-motion logic trees to capture epistemic uncertainty, par-
ticularly within US projects. 
Multiple ground motion prediction equations 
The most common way of constructing ground-motion logic trees is to populate 
the branches with a selection of previously published GMPEs. A recent example 
of such a logic tree was that used in the ESHM and presented in Delavaud et al. 
(2012). A recent overview of this approach and ways of selecting and weighting 
the GMPEs is provided by Kale and Akkar (2017) in the context of the Earthquake 
Model for the Middle East (EMME, Danciu et al., 2017). 
For areas with a set of recently-published and robust GMPEs (e.g. California, 
Japan and Italy) this approach appears relatively straightforward. Nevertheless, for 
these areas there are difficulties in deciding which of the many available models to 
choose and how many models should be included. For California two recent pro-
jects (NGA-West1 and 2) have developed a set of five GMPEs using a consistent 
database and independent and dependent variables (Power et al., 2008; Bozorgnia 
et al., 2014). Therefore, it would appear that a logic tree for California should 
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comprise the most recent version of these five GMPEs. However, there are doubts 
that such a logic tree would capture all the epistemic uncertainty concerning 
earthquake ground motions in future earthquakes because the models may be too 
similar. In this situation it has been proposed that additional logic-tree branches 
equivalent to a backbone approach are required (see below).  
For many areas, however, there are no indigenous GMPEs, or those that are 
available are based on extrapolations from weak-motion data, often using the sto-
chastic method (e.g. Rietbrock et al., 2013). When adopting a multiple GMPE ap-
proach for such areas, the problem is which of the models published for other re-
gions should be included and will these GMPEs truly model ground motions in 
future earthquakes. Delavaud et al. (2012) were uncertain about whether ground 
motions in much of northern Europe (continental crust) were similar to those in 
the Mediterranean region, for which many indigenous models exist, or closer to 
those in the Scandinavian shield, for which they believed GMPEs developed for 
tectonically-similar eastern North America could be used. Therefore, their ground-
motion logic tree included GMPEs for both tectonic regimes for that part of the 
continent. The logic tree proposed by Stewart et al. (2015) for the Global Earth-
quake Model discusses the considerable epistemic uncertainty in assessing ground 
motions for the majority of the world and they seek to propose a logic tree that 
captures this uncertainty by choosing robust models that displaying differing char-
acteristics, e.g. decay rates in subduction earthquake ground motions. However, 
this is not an objective procedure nor was the resulting logic tree checked to see 
whether it models sufficient (or what appears to be sufficient) uncertainty. EMME 
sought to combine and improve on both these procedures for the construction of 
its ground-motion logic tree (Danciu et al., 2017). 
Musson (2012) proposes that the weights on the logic tree are the probability of 
HDFK*03(EHLQJ³WKHEHVWPRGHODYDLODEOH´$VSRLQWHGRXWE\%RPPHU, 
this implies that if there is only a single model available for a tectonic regime, this 
GMPE would automatically get a weight of unity, implying no epistemic uncer-
tainty. In fact the uncertainty may be high, particularly as a single model often im-
plies a lack of data from which to build more. 
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Hybrid empirical composite ground-motion model 
To create ground-motion models that are more regionally-specific, Campbell 
(2003) proposed the hybrid-empirical method where existing empirical GMPEs 
are adjusted based on the ratio of stochastic models for the target and host regions. 
In Campbell (2003) this method is applied to adjust GMPEs for California to 
make them applicable for eastern North America. Douglas et al. (2006) developed 
this method to account for uncertainties in developing stochastic models for the 
target region, where invariably there are fewer recorded data than in the host re-
gion (because otherwise robust GMPEs for the target region could have been pro-
posed directly). These uncertainties in the various parameters of the stochastic 
model, e.g. stress (drop) parameter, are accounted for using a logic tree so that 
many stochastic models are created and applied when computing the ratios be-
tween target and host regions. In addition, Douglas et al. (2006) apply the tech-
nique to GMPEs from various host regions, again to capture uncertainty in the fi-
nal logic tree of the adjusted models. 
This approach appears more rigorous and transparent than the multiple GMPE 
approach using previously-published models but it is a time-consuming approach, 
particularly for a continent containing many target regions. In addition, there is 
subjectivity in deciding on the branches and weights for the stochastic models for 
the target region. Finally, although the uncertainties are propagated to the final ad-
justed GMPEs there is only a single (mean) model for each host GMPE and, con-
sequently, a logic tree comprised simply of the adjusted GMPEs would not cor-
rectly model the uncertainty. However, the uncertainties could be tracked 
throughout the adjustment [e.g. Figure 15 of Douglas et al. (2006)] to obtain a log-
ic tree with branches modelling this uncertainty. For the site parameters Vs and 
kappa this is commonly done for site-specific studies and hence it could be ex-
tended to other parameters. This leads to the final main approach: backbone 
GMPEs, as discussed in the following section. 
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Backbone GMPEs 
In the past decade and often in the context of site-specific PSHAs for critical 
facilities the backbone approach (Atkinson et al., 2014) has been used to construct 
ground-motion logic trees. In this approach a single or a handful of existing 
GMPEs are scaled up and down to account for uncertainty in the median motion. 
The scaling factors employed are generally related to uncertainty in the average 
stress (drop) parameter in the region, as well as other inputs to the stochastic mod-
el, e.g. anelastic attenuation. Using this approach leads to multiple GMPEs that are 
explicitly MECE. The level of uncertainty modelled is also made transparent. 
Starting in 2008 and continuing in 2014, the US National Seismic Hazard 
Model applies a simple backbone approach to increase the modelled epistemic un-
certainty in the ground-motion logic tree for shallow crustal seismicity in the 
western states (Petersen et al., 2014). Petersen et al. (2014) argue that the selected 
GMPEs for this tectonic regime (all five of the NGA-West2 models) show too 
much similarity because they were derived using similar data and approaches fol-
lowing considerable interaction between the GMPE developers. Therefore, the ep-
istemic uncertainty captured by these models is too low. To overcome this, for 
each original GMPE branch in the logic tree they add a higher and lower branch 
equal to the original GMPE shifted up or down by a factor that varies in nine 
magnitude (M 5-6, 6-7 and 7+) and distance bins (<10km, 10-30km and >30km). 
This factor is given by: exp[0.4¥n/N)], where n and N equal the number of earth-
quakes used to derive the GMPE within the M 7+ and R<10km bin and the num-
ber in the specific magnitude-distance bin, respectively. The M 7+ and R<10km 
bin is generally the one with the smallest number of earthquakes for which an ep-
istemic uncertainty of 50% [i.e. exp(0.4)] was assumed. The uncertainty for all 
other bins was scaled with respect to this bin. 
The Petersen et al. (2014) approach recognizes that a lack of data is the reason 
for epistemic uncertainty and tries to capture this in a relatively simple manner. 
The basis of the function used to scale the uncertainty factor with the number of 
earthquakes is not given in Petersen et al. (2014) but it is likely related to the 
equation for the standard error of the mean, where the standard deviation is divid-
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ed by ¥1ZKHUH1LVWKHQXPEHURIvalues used to compute the standard deviation. 
This is a reasonable basis for the function. Also reasonable is the use of the num-
ber of earthquakes in each bin rather than the number of records because uncer-
tainty in what the average source characteristics (e.g. stress drop) are for a region 
(related to the number of earthquakes observed from which to assess this) is often 
more important than what the average path or site characteristics are (related to the 
number of records).  
The principal criticism of the factor of Petersen et al. (2014) is the apparently 
arbitrary decision to assume a 50% uncertainty for the M 7+ and R<10km bin 
from which to scale all others. This value should be related to how well average 
ground motions are known for that bin, which itself should be controlled by the 
available data. If the value was explicitly defined by the available data, over time 
the epistemic uncertainties modelled by this approach would reduce (as data are 
collected). Also it would allow the approach to be transportable to other regions or 
for other GMPEs. Currently if a GMPE is based on a single event for M>7 then 
the additional uncertainty is the same as if a GMPE is based on many hundreds of 
earthquakes for that magnitude range. A recent study by Douglas and Boore 
(2017) suggests that the epistemic uncertainty in ground motions in the M 7+ bins 
is lower than could have been thought given the limited data used to constrain 
GMPEs in that magnitude range.  
A more sophisticated method has been proposed by Al Atik and Youngs (2014) 
to add additional branches to model the statistical uncertainty characterized by the 
confidence limits from regression analysis based on a finite dataset [see Douglas 
(2007, 2010a) for estimates of these confidence limits for other GMPEs]. General-
ly this additional uncertainty is smaller than the uncertainty coming from model-
to-model differences. As Al Atik and Youngs (2014) show it is also smaller than 
the additional uncertainty added to the US National Seismic Hazard Model using 
the approach discussed above.  
Atkinson and Adams (2013) use a backbone approach to develop ground-
motion logic trees for the PSHA underlying the Canadian National Building Code. 
For crustal seismicity in western Canada, they examine the spread of the NGA-
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West1 models for magnitudes and distances critical for the PSHA of this region 
and averages of data to define a representative GMPE [in this case the GMPE of 
Boore and Atkinson (2008)] and an upper and lower GMPE to cover the observed 
range of median predictions. They find that weakly distance-dependent additive 
and subtractive terms of between 0.23 and 0.69 in terms of natural logarithms can 
envelope the observed spread in the models. [Atkinson (2011) also develops a 
simple ground-motion logic tree using a similar approach, although as noted above 
she adopts an unconventional split between epistemic and aleatory components]. 
Because this western region is the best studied area of Canada, and epistemic un-
certainties for active crustal GMPEs should be the lowest, this uncertainty is as-
sumed to be a lower limit when constructing logic trees for other Canadian re-
gions. For example, for eastern Canada, which is a stable continental region, 
Atkinson and Adams (2013) found that applying a similar approach led to lower 
uncertainties for some magnitudes and distances than in the western Canadian log-
ic tree and hence they added uncertainty to take account of the fewer ground-
motion observations from eastern Canada.  
Gehl (2016) applies this approach to produce a pan-European representative 
GMPE. Kale and Akkar (2017) propose a similar technique for the selection of 
multiple GMPEs that cover the centre, body and range but they also include calcu-
lation of the seismic hazard to check that no particular model dominates.  
An example of a backbone model from a site-specific study is that developed 
by Bommer et al. (2015) for the Thyspunt (South Africa) nuclear power plant haz-
ard assessment. In this approach, as well as adjusting for Vs and kappa (and ac-
counting for uncertainty in these site parameters), they also add branches to scale 
the predictions from three existing GMPEs to account for uncertainty in the medi-
an stress drop for earthquakes in the surrounding region. Four branches are con-
sidered: one for the chance that average stress drops in the region are lower than 
average (because the tectonics are extensional), one that the average stress drops 
are the same as in the original GMPEs (i.e. a scale factor of unity) and two for 
higher stress drops due to the area being part of a stable continental region.  
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In the procedure proposed by Goulet et al. (2017) to develop ground-motion 
logic trees for central and eastern North America, the suite of seed ground-motion 
models are extended, making sure that certain physical criteria are met, to a con-
tinuous distribution of ground-motion models so that the set is then MECE. The 
ground-motion space modelled by this continuous distribution is visualized using 
the mapping approach of Sammons (1969), which approximates the high-
dimensional (magnitude, distance, period) ground-motion space on a 2D map 
(Scherbaum et al., 2010). To obtain a continuous distribution the expected epis-
temic uncertainty in ground motions at different distances is imposed based on 
analogies to western North America and understanding where the seed GMPEs are 
best constrained. The continuous distribution of ground-motion models is then 
discretized to a representative set that is easier to handle computationally within 
PSHA. Weights are then assigned to this set based on prior knowledge and residu-
als between each models predictions and strong-motion records from the consid-
ered region. This rigorous approach, although scientifically appealing, requires 
considerable computational effort and choices to be made. Therefore, in this arti-
cle I am seeking a more straightforward approach but using some of the ideas 
from the procedure of Goulet et al. (2017).   
Retrospective test of logic trees for California 
Because it is not possible to test objectively whether a ground-motion logic tree 
developed today will correctly capture observations of future earthquakes, Doug-
las (2016) undertakes a retrospective analysis using the 35 years following 1981 as 
a basis. As the analysis of Douglas (2016) was only presented within an oral 
presentation at the 35th General Assembly of the European Seismological Com-
mission, I include a summary here.  
Douglas (2016) chose 1981 as a basis for his analysis because, if a PSHA for 
horizontal PGA had been conducted at that time following current practice2 for 
shallow crustal seismicity (particularly in California), it is likely that the ground-
                                                          
2 The use of logic trees within PSHA were only proposed in 1984 (Kulkarni et 
al., 1984) so this is a truly hypothetical situation. 
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motion logic tree would have included the three robust GMPEs that had only re-
cently been published: Trifunac (1976), Campbell (1981) and Joyner and Boore 
(1981). Therefore, using the data in the NGA-West2 database (Ancheta et al., 
2014) from 1981 onwards (the database ends in 2011) enables a comparison be-
tween the predictions from such a ground-motion logic tree and the observed 
PGAs. In particular, a check can be made of whether the right level of uncertainty 
was captured by this simple logic tree consisting of GMPEs that would no longer 
be considered state-of-the-art. The observation that inspired this approach is that 
made in Douglas (2010b, p. 1519), who notes that the scatter in predictions of me-
dian PGAs from many dozens of GMPEs (a proxy for the epistemic uncertainty) is 
wider than the confidence limits in the average observed PGA for narrow magni-
tude-distance bins from a large strong-motion database. 
The ground-motion logic tree considered is one comprised of the three GMPEs 
each given a weight of one-third. The basis of the comparison is to compare, for 
all magnitude-distance bins, the predicted median PGAs from the logic tree, both 
in terms of the weighted average and the upper and lower PGAs branches (corre-
sponding to the median PGA from one of the three GMPEs but which one will 
vary with M and R), with the median PGAs (and its 5 and 95% confidence limits, 
which are assumed proxies for the uncertainty due to the lack of data for that bin) 
computed from the PGAs observed in post-1981 earthquakes. Ideally the PGA 
from the lower branch of the logic tree should equal the 5% confidence limit from 
the observations, and weighted average from the logic tree should equal the medi-
an from the observations and the upper branch should equal the 95% confidence 
limit from the observations. ,IWKHORJLFWUHH¶VEUDQFKHVDUHZLGHUWKDQ-95% con-
fidence limits from the observations then the logic tree is capturing too much un-
certainty whereas if they are narrower sufficient uncertainty is not being modelled. 
The 100 bins used for the analysis were constructed using ten intervals 0.5 
units wide between M 3 and 8 and ten logarithmically-spaced Joyner-Boore dis-
tance intervals between 0 and 300km. The variability in a single observation (i.e. 
the standard deviation) as well as the uncertainty in a median observation (i.e. the 
standard error) from the database are shown in Figure 1. From this figure it can be 
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seen that despite low apparent aleatory variability at large magnitudes (around 0.5) 
the uncertainty in the median PGA is still quite high (between 0.1 and 0.15, i.e. 
factors of 10 to 15%) and despite high apparent aleatory variability at low magni-
tudes and large distances (around 1.0) the uncertainty in the median PGA is low 
(between 0.04 and 0.08). For a much larger database the graph on the left (aleatory 
variability) would likely show a similar trend because it is related to ground-
motion variability, which cannot be modelled simply using magnitude and dis-
tance (e.g. Douglas and Smit, 2001), whereas the graph on the right would ap-
proach zero throughout as the true median PGA given a magnitude and distance 
would be known exactly. 
Figure 2 shows the comparison between the predictions from the logic tree and 
the observations. Ideally the bottom row of graphs would show contours around 
unity, meaning that the correct amount of uncertainty is being captured. This is 
roughly the case for the upper branch of the logic tree (bottom middle and right 
graphs). Contours higher than unity mean that too much uncertainty is being cap-
tured. This is true for the lower branch of the logic tree (bottom left graph). 
Figure 3 shows the standard deviation of the logic tree (cf. Toro, 2006). This 
graph shows that the epistemic uncertainty captured by this logic tree is quite low. 
Referring to   
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 indicates that the difference between the mean and median PGA for a given 
annual frequency of exceedance will hence also be small (less than 50% for typi-
cal values of k).  
Finally, Figure 4 VKRZVWKH6DPPRQ¶VPDSSammon, 1969; Scherbaum et al., 
2010) of the three original GMPEs, the GMPEs divided by two and multiplied by 
two (to simulate a simple backbone approach) and the binned observed PGAs. The 
observations are surrounded by the GMPEs, although this map suggests that the 
Joyner and Boore (1981) GMPE could be removed from the logic tree as it is fur-
ther from the observations than the other two models.  
In conclusion, this simple logic tree would have been appropriate for a seismic 
hazard assessment conducted in 1981 (at least until 2011, the end of the database) 
because the epistemic uncertainty captured is roughly the same as observed in the 
data, although it is slightly too wide at the lower end. This suggests that perhaps 
we do not need more sophisticated GMPEs or logic trees. We should be wary of 
the limitations of this analysis, however. Firstly, this analysis was only for simple 
GMPEs that did not account for site effects (or, if they did, only in a crude way) 
and only for PGA. Secondly, the analysis relies on making the strong assumption 
of no regional dependency in earthquake ground motions (i.e. we can combine all 
the strong-motion data together to assess the medians and confidence limits). 
Thirdly, it assumes that the data available from the period 1981-2011 is sufficient 
to obtain robust statistics and that data from future events will not significantly 
change the assessed medians and confidence limits. A few well-recorded M 7+ 
earthquakes with apparently µDEQRUPDO¶ JURXQG PRWLRQV FRXOG VLJQLILFDQWO\
change the analysis for that magnitude range; although, as noted above, Douglas 
and Boore (2017) suggest that current predictions for this magnitude range appear 
robust. Fourthly, and probably most importantly, this type of analysis cannot be 
conducted for areas with little or no observations without invoking the assumption 
of no regional dependency.   
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Figure 1: Standard deviations of observed PGAs in 10 × 10 bins (left) and standard errors of ob-
served PGAs (right) from NGA-West2 database for earthquakes that occurred since 1981. 
 
Figure 2: Predicted median PGAs from the lower (left), median (middle) and upper (right) 
branches of a logic tree comprised of Trifunac (1976), Campbell (1981) and Joyner and Boore 
(1981) with equal weighting (top row); 5% confidence limit, median and 95% confidence limits 
for the median observed PGAs from the NGA-West2 database (middle row); and the ratio of the 
middle row to the top row (observations/logic tree) (bottom row). 
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Figure 3: Standard deviation of the logic tree in natural logarithm units. 
 
Figure 4 6DPPRQ¶V PDS RI WKH WKUHH XQDGMXVWHG *03(V WKH *03(V PXOWLSOLHG E\ WZR WKH
GMPEs divided by two and the observed PGAs. Note that the absolute positions are arbitrary ± 
only the relative positions are meaningful. 
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Proposed new approach 
When developing ground-motion models for induced seismicity Douglas et al. 
(2013) noted large differences in observed ground motions amongst the sites they 
considered. They relate this principally to differences in the average stress (drop) 
parameter for earthquakes near each site. Before a scheme that may induce seis-
micity is begun it is not possible to know what the average stress parameter in fu-
ture earthquakes would be. Hence, Douglas et al. (2013) propose that the logic tree 
used for the initial hazard assessment for the scheme is populated by the 36 
GMPEs they derive from stochastic models that cover the possible range of key 
parameters (stress parameter and attenuation modelled by Q and kappa). If infor-
mation on what the average values of these parameters are for the site in question 
then the logic-tree weights can be tuned to reflect this. If and when ground-motion 
data are collected from the site then again the weights can be modified to empha-
sis more probable GMPEs and reduce the modelled uncertainty. Edwards and 
Douglas (2013) showed that this approach worked in practice by using data from 
the Cooper Basin (Australia) geothermal site, which were not used to develop the 
original 36 models.  
It is proposed here that a similar approach could be applied for natural seismici-
ty. The idea is the opposite of taking a set of GMPEs and then widening out the 
branches to capture uncertainty. Rather, many branches with default weights are 
considered and, when data are available, the weights adjusted to reflect our im-
proved knowledge. This provides a framework where the reduction in epistemic 
uncertainty through the collection of new information is explicitly captured.  
The philosophy of this approach is the same as employed by Douglas et al. 
(2009) to develop potential mean shear-wave velocity profiles and their uncertain-
ty by starting with all possible profiles (generated using a Monte Carlo approach 
with underlying distributions based on an analysis of a large set of observed pro-
files) and then applying the available constraints to obtain a set of profiles that ac-
counts for what you know and what you do not know about site conditions. 
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When developing this approach the simplest possible logic trees are sought be-
cause extra complexity is probably not justified for national or continental PSHAs 
given the large uncertainties and the need to make the hazard calculations for 
many locations tractable. As noted above, the intended use of this proposal is not 
site-specific seismic hazard assessments where time and resources would be avail-
able for analysis of all data. The focus is broad-brush PSHAs, which would be 
more typical of those with a wide geographical scope. Therefore, although the 
procedure of Goulet et al. (2017) is appealing, it is perhaps too complex for appli-
cation beyond projects with considerable resources. 
Disaggregation of PSHAs (Bazzurro and Cornell, 1999) allows the earthquake 
scenarios that contribute most to the seismic hazard at a site to be determined. 
This information is useful for this study because it provides guidance on what 
magnitude-distance range needs to be the principal focus of the ground-motion 
model. Although it must be recalled that all magnitudes and distances that are not 
precluded by the seismic source model will influence the hazard and hence, even 
if some scenarios dominate, the ground-motion model should be accurate for all 
scenarios.  
As an example of a low-to-moderate-seismicity European country, Table 3 re-
ports the mean magnitude, distance and epsilon (i.e. number of standard deviations 
above the median ground-motion) of the disaggregated scenarios reported by Go-
da et al. (2013) for the UK. As an example for a moderate-to-high-seismicity Eu-
ropean country, Figure 5 shows the distribution of mean magnitude, distance and 
epsilons of the disaggregated scenarios reported by Barani et al. (2009) for Italy. 
These results indicate that generally the most important earthquake scenarios for 
return periods used for seismic hazard mapping are magnitudes between about 5.0 
and 6.5 and distances up to about 60km for PGA and SA(0.2s) and between about 
5.5 and 7.0 and distances up to about 100km for SA(1.0s). Epsilons are generally 
between 1.0 and 2.0 with higher values as the return period increases.  
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Table 3. Mean magnitude and distance of the dominant earthquake scenario and 
the value of epsilon for 2500 year return period for two UK cities (Goda et al., 2013).   
Location Period (s) Mean M Mean R 
(km) 
Epsilon 
Cardiff (UK) PGA 5.0 19 1.2 
³ 1.0 5.3 31 1.2 
Oban (UK) PGA 5.2 25 1.0 
³ 1.0 5.5 39 1.1 
 
 
Figure 5: Mean magnitude, distance and epsilon of the disaggregated scenarios for the 19 Italian 
cities considered by Barani et al. (2009). Top: 475year return period, bottom: 2475year return pe-
riod, left: SA(0.2s) and right: SA(1.0s). 
In the following subsection, a full ground-motion logic tree for shallow non-
subduction earthquakes in Europe and the Middle East is proposed. This is fol-
lowed by a subsection adjusting the weights as discussed previously for two coun-
tries with limited ground-motion data (Georgia and Iran) as well as one with much 
data (Italy). 
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Development of a full ground-motion logic tree 
The aim of this section is to generate a full population of possible GMPEs, one 
of which (although which one is currently unknown) is the correct ground-motion 
model for a given location in Europe and the Middle East. Following Bommer and 
Scherbaum (2008), I seek to create a family of MECE GMPEs. Only PGA and 
SA(1.0s) are considered in the following due to space limitations. Also the analy-
sis is conducted assuming VS30=800m/s (Eurocode site class A/B boundary).  
Considering just the principal inputs to a GMPE, i.e. magnitude and distance, 
the available strong-motion records for each magnitude-distance pair can be seen 
as samples from an underlying distribution for which we do not know the mean 
(when using logarithms of the intensity measure). (Its standard deviation is also 
unknown but as noted above this study is focused on the median ground motions 
not the variability). Using published GMPEs and well-recorded earthquakes it is 
possible to assess a possible range for the mean, which can then be related to the 
epistemic uncertainty that should be captured within the ground-motion logic tree. 
This part of the procedure is similar to the approach of Atkinson and Adams 
(2013) in developing a suite of models from a backbone model.  
For active regions where strong-motion data have been collected over the past 
few decades, it is possible to assess how GMPEs are likely to change with the ac-
cumulation of new data. A study that provides guidance on this issue is by Bindi et 
al. (2009) who re-derive the Sabetta and Pugliese (1987) GMPE for Italy, which 
was derived using only 95 PGAs from 17 earthquakes (from before 1985), using 
the same functional form but 235 PGAs from 27 earthquakes from the period 1972 
to 2002. Bindi et al. (2009) find that the 1987 model overpredicts median PGAs 
by less than 5% for magnitude 4.5 and short distances but by more than 50% for 
magnitude 7 and distances around 100km (their Figure 5). Therefore, GMPEs 
based on sparse data are susceptible to significant change when updated. Hence, 
there is a need to recognize that what we think we know now may change. This 
doubt should be reflected in the epistemic uncertainty captured in the ground-
motion logic tree.  
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The causes of epistemic uncertainty can be divided into two. Firstly the statisti-
cal uncertainty: even for regions with much strong-motion data (e.g. Italy) varia-
bility in the ground motions and a finite sample means that the median ground mo-
tion for a given magnitude and distance is not known precisely (cf. the formula for 
the standard error with ¥n on the denominator). This is modelled by the confi-
dence limits of the regression analysis, which are only rarely published (e.g. 
Douglas, 2007, 2010a; Al Atik and Youngs, 2014; Bindi et al., 2017). Secondly, 
the µregional¶ uncertainty: for regions with little strong-motion data from large 
earthquakes (e.g. much of northern Europe) it is not known whether ground mo-
tions show significant differences to those in well-observed regions (for which na-
tive GMPEs exist), e.g. because of differences in median stress drop. Calibrating 
the width of these additional branches is challenging as we need an assessment of 
our unknown knowledge (i.e. how much we do not know) ± it is often hoped that 
selecting GMPEs from various regions covers this uncertainty. 
Statistical uncertainty 
To estimate the statistical uncertainty due to regression analysis using relatively 
complex functional forms on finite datasets Figure 3 of Douglas (2007), Figure 6 
of Douglas (2010a), results from Al Atik and Youngs (2014) and Figure 6 of Bin-
di et al. (2017) are used to assess the component of ıȝ coming only from this fac-
WRUıstatistical. The 95% confidence limits shown on Figure 3 of Douglas (2007) for 
seven GMPEs and the ratios of the 95% to 50% confidence limits of Douglas 
(2010a) for six GMPEs can be converted to obtain ıstatistical. For the most poorly 
constrained models at the edges of their magnitude-distance range of applicability 
HJ$PEUDVH\VHWDO6DEHWWDDQG3XJOLHVHıstatistical approaches 0.3 
(natural logarithms). Better constrained models and within the magnitude-distance 
µFRPIRUW]RQH¶%RPPHUHWDORI*03(Vıstatistical from the models consid-
ered by Douglas (2007, 2010a), the NGA-West2 models considered by Al Atik 
and Youngs (2014) and the GMPE of Bindi et al. (2017) are similar with values 
DURXQG)RUPDJQLWXGHVODUJHUWKDQWKHUHLVDQLQFUHDVHLQıstatistical, which is 
expected because of the sparsity of data from large earthquakes. 
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µRegional¶ uncertainty 
Here the potential that median ground motions in a region are different to those 
in well-observed regions is assessed by comparing median ground motions for 
scenarios and regions for which the median ground motions are well-known. We 
are using the spread in average ground motions in countries with extensive strong-
motion databases as a proxy for what could be the spread for countries for which 
observations are currently sparse. Subsequently this information is used to assess 
the µregional¶ uncertainty. Rather than potentially double count the statistical un-
certainty, poorly-sampled areas are not considered when assessing this component 
of uncertainty. 
As shown by the graphs of statistical uncertainty referred to in the previous 
subsection, GMPEs are best constrained for the distance range from roughly 20 to 
60km. This is also the range where anelastic attenuation is unlikely to be having a 
large influence and hence it is possible to identify the difference between average 
ground motions in various regions that is due predominantly to differences in av-
erage stress drop. Using the same assumption as Yenier and Atkinson (2015) that 
differences in stress drop are present for all distances makes it possible to apply 
the factors derived from abundant data from this restricted distance range to all 
distances. As shown above, seismic hazard is often dominated by earthquakes 
within 100km for the return periods of most interest for national mapping and, 
therefore, the range of distances used to estimate differences in average regional 
stress drop overlap. As shown by Figures 4 and 5 of Douglas and Jousset (2011), 
changing the stress drop does not significantly change the magnitude scaling so 
again it is an acceptable first-order solution to apply the derived adjustments for 
the limited magnitude range 5 to 6 to all magnitudes. 
At distances beyond about 60km (for short oscillator periods) regional differ-
ences in anelastic attenuation will make ground-motion predictions for different 
regions diverge (e.g. Kotha et al., 2016, Figure 5). As a first-order solution to ac-
count for this potential uncertainty within the population of possible GMPEs, the 
three UHJLRQDOPRGHOVRI.RWKDHWDOLHWKHµ,WDO\¶µ7XUNH\¶DQGµ2WKHU¶
models) are used as the backbone models that are then branched out to account for 
25 
potential differences in the average stress drop. This makes the assumption that 
the anelastic attenuation in these three regions is an adequate sample of the popu-
lation of all anelastic attenuation rates in Europe and the Middle East ² this is 
probably untrue but it is assumed for convenience. As noted above seismic hazard 
is often dominated by earthquakes within 100km and hence the effect of potential 
variations in anelastic attenuation is unlikely to be particularly important. The 
backbone models assumed here could be improved in future applications of the 
approach. Boore et al. (2014), for example, also provide terms to account for vari-
ations in anelastic attenuations between regions, which could be used instead. 
An effect that could lead to regional dependency in ground motions, but which 
is neglected here because of a lack of a simple approach for its incorporation, is 
the influence of crustal structure. Previous studies (e.g. Dahle et al., 1990; Somer-
ville et al., 1990; Douglas et al., 2004, 2007) have shown that effects such as wave 
reflections off the Moho can have a strong influence on ground motions at inter-
mediate source-to-site distances (>50km). This effect could potentially be incorpo-
rated into the approach proposed here by developing backbone models for differ-
ent typical crustal structures, perhaps using simulations and the equivalent 
hypocentral distance technique of Douglas et al. (2004, 2007). 
Any regional dependency at short distances (<10km) is not possible to current-
ly assess due to sparse datasets at such distances even when they are not separated 
by region (Figure 6)7KHUHIRUH,KDYHQRWDWWHPSWHGWRDFFRXQWIRUDQ\µUHJLRQDO¶
uncertainty here. The statistical uncertainty discussed above, combined with the 
µUHJLRQDO¶XQFHUWDLQW\GXHWRGLIIHUHQFHVLQDYHUDJHVWUHVVGURSLVH[SHFWHGWRDc-
count for sufficient uncertainty in this distance range. Although, again, this is a 
topic where additional work may be warranted.  
For the calculations made in this section the Engineering Strong-Motion (ESM) 
flat-file 2017 (Lanzano et al., 2017) is used. The distribution of data in this flat-
file with respect to magnitude, distance and various countries is shown in Figure 
6. Data from three countries with many strong-motion records (Italy, Turkey and 
Greece) are used to assess empirically the possible size of regional dependency 
due to average stress drop differences. Data within the magnitude-distance range 
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of 5MwDQG20UJBNPDUHXVHGIRUthese calculations for the reasons given 
DERYH DQG WR REWDLQ VWDWLVWLFDOO\ UREXVW HVWLPDWHV RI WKH µUHJLRQDO¶ XQFHUWDLQW\
without relying on weak-motion data (Mw<5), whose relevance to the adjustment 
of empirical GMPEs is unclear. 
 
Figure 6: Magnitude-distance distribution of data in the ESM strong-motion flat-file 2017 
(Lanzano et al., 2017) used for the analysis in this section. The red box indicates the magnitude-
GLVWDQFHLQWHUYDOXVHGWRDVVHVVWKHµUHJLRQDO¶XQFHUWDLQW\ 
The residuals with respect to the generic Kotha et al. (2016) GMPE, i.e. the 
model where the regional terms are turned off, for each record are computed. The 
equations for problem 1 of appendix of Spudich et al. (1999) are used to evaluate 
the average bias and its uncertainty (for all the data and for each of the three coun-
tries separately) to account for the correlations between data from the same earth-
quake. In addition, the average differences for 5MwDQG20UJBNPbetween 
the Kotha et al. (2016) GMPE and recent country-specific GMPEs that are robust, 
at least for this restricted magnitude-distance range, are computed as an additional 
constraint. The country-specific GMPEs are: Akkar and Cagnan (2010) (Turkey), 
Bindi et al. (2011) (Italy), Danciu and Tselentis (2007) (Greece), Sedaghati and 
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Pezeshk (2017) (Iran) and Yenier and Atkinson (2015) (central and eastern North 
America). The model for central and eastern North America is included as an ex-
ample of a GMPE for a stable continental region so as WRLQFOXGHZLWKLQ WKHµUe-
JLRQDO¶XQFHUWDLQW\WKHSRVVLELOLW\WKDWJURXQGPRWLRQVLQDQDUHDPD\VKRZVLPi-
larities to such regions. This is potentially important for much of northern Europe 
but for which robust native GMPEs are lacking. Both approaches to evaluate this 
µUHJLRQDO¶ XQFHUWDLQW\ VKRXOG EH HTXLYDOHQW EXW WKDW EDVHG RQ FRXQWU\-specific 
GMPEs could be more robust as predictions for this restrictive magnitude-distance 
range borrow robustness from neighbouring magnitudes and distances.   
The results of these residual analyses are shown in Figure 7. From these aver-
age residuals it can be seen that ground motions for this magnitude-distance range 
from some countries (e.g. Italy) are on average below that predicted by the Kotha 
et al. (2016) GMPE whereas ground motions from some countries (e.g. Greece) 
are higher than predicted by this pan-European model. Using this set of averages 
as a sample from the population of average deviations for each country/region in 
Europe and the Middle East, a simple logic tree can be proposed to capture the 
µUHJLRQDO¶XQFHUWDLQW\WKDWWKHVHDYHUDJHVVHHNWRPRGHOThis approach is similar 
to studies that develop a suite of stochastic models accounting for epistemic uncer-
tainty in the average stress drop in a region (e.g. Douglas et al., 2013; Bommer et 
al., 2017). 
For PGA, symmetrical lower, middle and upper branches equal to predictions 
from: the Kotha et al. (2016) model × 0.6 [i.e. exp(-0.5)], the Kotha et al. (2016) 
model × 1.2 [i.e. exp(0.2)], and the Kotha et al. (2016) model × 2.5 [i.e. exp(0.9)], 
with weights using a standard three-point distribution of 0.185, 0.63 and 0.185, re-
spectively, would roughly capture the spread in these average residuals. For 
SA(1s), symmetrical lower, middle and upper branches equal to predictions from: 
the Kotha et al. (2016) model × 0.7 [i.e. exp(-0.4)], the Kotha et al. (2016) model 
× 1.1 [i.e. exp(0.1)], and the Kotha et al. (2016) model × 1.8 [i.e. exp(0.6)], with 
the same weights again would roughly capture the spread in these average residu-
als. As discussed above, it is assumed that these adjustments apply for all magni-
tudes and distances. 
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Figure 7: Mean residuals and their 5%-95% confidence limits for all ESM data and for data from 
three countries (the number of records used to compute the averages are indicated) as well as the 
average residuals between country-specific GMPEs and the GMPE of Kotha et al. (2016) for 
5MwDQG20UJBNPDQGfor PGA (left) and SA(1s) (right). 
Final logic tree 
The first set of branches is the three regional models of Kotha et al. (2016) ac-
counting for variations in anelastic attenuation, each with equal weights of 1/3. 
The second set of branches are the lower, middle and upper branches that model 
the effect of uncertainty in the average stress drop for a given region. The third set 
of branches of the logic tree are those proposed by Al Atik and Youngs (2014) to 
account for the statistical uncertainty component ıstatisical, where the upper and 
lower branches equal the 95% confidence limits using this standard deviation [alt-
hough the values of Al Atik and Youngs (2014) for normal and reverse faulting 
DUHVZLWFKHGEHFDXVH.RWKDHWDO¶V*03(LVEHWWHUFRQVWUDLQHGIRUQRUPDO
and strike-slip than reverse]. As noted above the model expressed in equations 9 to 
11 of Al Atik and Youngs (2014) is adopted to account for this component as we 
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are adopting well-constrained GMPEs, which are branched out to account for po-
tential regional dependency. If less well-constrained models were used then a 
larger value for ıstatisical should be used. 
This ground-motion logic tree implies the values of ıȝ, characterising the level 
epistemic uncertainty, shown in the contour plot on Figure 8. The epistemic uncer-
tainty is independent of magnitude except for M>7, where the statistical uncertain-
ty from the model of Al Atik and Youngs (2014) increases slightly. The effect of 
the three models for anelastic attenuation is to increase the epistemic uncertainty 
at larger distances (>70km). The overall epistemic uncertainty is similar to those 
implied by the site-specific logic trees listed in Table 2, given confidence that 
roughly the right level of uncertainty is being captured. For SA(1s) the graph of  
ıȝ is similar but the values are slightly lower (0.39 for short distances increasing 
to 0.66 at 300km). 
 
Figure 8ıy implied by the proposed ground-motion logic tree for PGA. 
In total 3 × 3 × 3=27 GMPEs make up the population that it is assumed to rep-
resent all possible ground-motion models for application in Europe and the Middle 
East. When there is no additional information on earthquake ground motions in a 
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region this complete population should be used with the weights noted above. 
When observations are available the default weights can be altered to reflect this 
additional information. This is demonstrated in the next section for Georgia, Iran 
and Italy. 
Pruning the ground-motion logic tree for three countries 
Georgia and Iran are chosen here as examples of two countries with considera-
bly less strong-motion data in the ESM database (Figure 6). All available data 
from each country in the interval Mw4 and 0UJBNPare used to adjust the 
weights of the full logic tree derived in the previous section. Because the statistical 
uncertainty in the family of potential GMPEs remains, those branches of the logic 
tree are left unchanged and the testing only alters the weights of the first two sets 
of branches that account for potential regional dependency. 
The log-likelihood approach of Scherbaum et al. (2009) and the data from 
Georgia and Iran are used to update the original weights of the 9 branches related 
to the regional dependence. Combining these branches with the set related to the 
statistical uncertainty leads to the predicted PGAs shown in Figure 9. Also shown 
are predicted PGAs applying the same technique for Italy as a demonstration for a 
country with much data. The result of the adjusted weights is to decrease the width 
of the confidence limits particularly at moderate and long distances because there 
are many records to modify the weights of the three models of anelastic attenua-
tion. However, the effect of the weighting on the level of epistemic uncertainty 
modelled is small even for Italy (ıȝ only decreases from about 0.45 to 0.41 at 
close distances although by larger amounts at greater distances) because of the 
large uncertainty in average bias even when there are many records (Figure 7). 
Therefore, the changes to the weights for the lower, middle and upper branches of 
WKHµUHJLRQDO¶XQFHUWDLQW\DUHOLPLWHG'HVSLWHWKLVWKHUHLVDFKDQJHLQWKHSUHGLFt-
ed PGA from the original logic tree. Similar results are obtained for SA(1.0s). 
Rather than simply using all the strong-motion data available from a region to 
adjust the weights it may be more appropriate to use only those records from the 
magnitude-distance range likely to be relevant from the point of seismic hazard. 
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Also other information, e.g. tectonic analogies, independent estimates of anelastic 
attenuation, stochastic models derived from weak-motion data, could be used to 
modify the weights. However, we should be humble about our knowledge of a re-
gion with little strong-motion data.  
 
Figure 9: Median predicted PGA and its 5-95% confidence limits (dashed lines) for an M 6 
earthquake with respect to Joyner-Boore distance. Black curves correspond to the original logic 
tree and the other colours correspond to logic trees for specific countries: Georgia (red), Iran 
(blue) and Italy (green).  
Conclusions 
In this article I have reviewed previous approaches to develop ground-motion 
logic trees that account for geographically-varying epistemic uncertainty. As 
demonstrated by the relatively low epistemic uncertainty implied by some recent 
continental seismic hazard assessments, the classic approach of selecting a handful 
of ground-motion models from the literature can lead to inconsistencies when 
compared with site-specific studies. Therefore, the backbone approach is attractive 
as it allows epistemic uncertainty to be more easily and transparently modelled. 
However, the principal difficulty is calibrating this approach when lacking obser-
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vations, e.g. how much do we not know about earthquake ground motions in coun-
try X where an M>5 earthquake has never been recorded within 50km?   
To provide guidance on applying the backbone approach in national and conti-
nental scale hazard assessments I have proposed a relatively simple ground-
motion logic tree to account for potential variations in average stress drop and 
anelastic attenuation between regions as well as the statistical uncertainty inherent 
in regression-based models. It is based on assuming that the variation amongst re-
gions that are currently poorly-observed will be similar to the differences amongst 
regions with relatively large strong-motion databases. This is a potential weakness 
of the proposal because these regions are also generally those with the highest 
seismicity and consequently, for target areas that are tectonically stable, the range 
of average ground motions modelled could be too narrow. The final step in the 
proposed procedure is to modify the weights of the logic tree by making use of 
any available strong-motion data from the target region. This step slightly reduces 
the epistemic uncertainty and adjusts the predictions to make them more applica-
ble to the region. When such data are not available, the full uncertainty implied by 
the ground-motion model is incorporated into seismic hazard assessments.  
When developing ground-motion models for use within national or continental 
hazard assessments there is a balance to be struck about the resolution captured. 
At one extreme, a single logic tree could be used for all locations, while at the oth-
er, each individual seismic source (e.g. a given fault) could have its own model. In 
this study, each country was assumed to have its own model but as tectonics do 
not generally follow national boundaries this was only done for convenience. The 
higher the resolution the smaller the databases available to calibrate the models. 
These smaller databases lead to higher standard errors in the averages and the risk 
of modelling an event-specific (or sequence-specific) rather than a regional-
specific effect. For example, do the large differences between observed ground 
motions between two areas of central Italy (Molise and Umbria-Mache) as evi-
denced by Douglas (2007), for example, mean that these areas require separate 
ground-motion models? Or are the relatively small sets of observations from these 
33 
two regions from one or two earthquake sequences insufficient to draw conclu-
sion?  
In addition to the potential problems mentioned above concerning the calibra-
tion of the average stress drop branches as well as the spatial resolution of the 
models, other parts of the procedure require additional work, e.g. the use of the 
Kotha et al. (2016) models to capture regionally dependence in anelastic attenua-
tion, the updating of the weights using the log-likelihood procedure and how to in-
corporate knowledge gained from weak-motion data. In conclusion, the approach 
proposed here aims to be a first-order procedure to develop ground-motion logic 
trees capturing geographically-varying uncertainty for use in seismic hazard as-
sessments covering a large area (i.e. not site-specific studies).  
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